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SyngasAbstract In this paper, we present mathematical modeling and numerical simulation tools in
searching the high parameter space of steam reforming of heptane for the key design parameters,
which have the potential to give high heptane conversion, high hydrogen yield and hydrogen to car-
bon monoxide ratio within the industrial limits for the syngas used as a feedstock for the gas to
liquid processes (GTL). The system under consideration is the novel circulating fast ﬂuidized bed
membrane reactor (CFFBMR). The simulation results show that the hydrogen membrane has a sig-
niﬁcant role in the displacement of the thermodynamic equilibriums of the reversible reactions and
production of ultraclean hydrogen, which can be used as a fuel for the fuel cells. Also the results of
the sensitivity analysis show that the best performance of the CFFBMR can be obtained by a
proper selection of combination of several parameters of high feed temperatures, high steam to car-
bon feed ratios, high reaction side pressures coupled with a large permeation area of a composite
thin ﬁlm membrane. These parameters are interacting in a very complex manner to give 100% con-
version of heptane and 496.94% increase in hydrogen yield compared to the reformer without
hydrogen membrane. It was found that under these selected operating conditions a low H2/CO ratio
of 1.15 is achieved satisfying the practical recommended industrial range.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The recent high crude oil prices, growing environmental con-
cerns, high energy demand for the rapid growth of the industryand progressive depleting of the fossil fuels have imposed
strong challenges on research and industry to pursue the po-
tential of alternative fuels such as hydrogen and liquid fuels
(gasoline and diesel) from syngas (H2,CO,CO2). Hydrogen
has been known as a clean fuel that does not harm the environ-
ment (Abashar, 1990, 2004; Elnashaie and Abashar, 1993;
Barbieri and Di Maio, 1997; Abashar et al., 2007, 2008). The
potential of the utilization of syngas as a feedstock for the
gas to liquid processes (GTL) such as the Fischer–Tropsch
(FT) has attracted much interest in recent years (Mark, 1999;
Olusola et al., 2010).
Nomenclature
Ac free cross-sectional area of the reactor for catalyst
circulation, m2
dH2 diameter of hydrogen membrane tube, m
dc diameter of catalyst particle, m
dc dimensionless diameter of catalyst particle
Fj molar ﬂow rate of component j, kmol/h
g gravitational acceleration, m/s2
ki rate coefﬁcient of reaction i
K2, K4 equilibrium constant of reactions (2) and (4), kPa
2
K3 equilibrium constant of reaction (3), []
L reactor length, m
NH2 number of hydrogen membrane tubes
P total pressure, kPa
Pj partial pressure of component j, kPa
QH2 permeation rate of hydrogen, kmol/h
ri rate of reaction i, kmol/kgcat h
R gas constant, kJ/mol K
Rep particle Reynolds number, []
T temperature, K
Tf feed temperature, K
uo superﬁcial gas velocity, m/s
u* dimensionless gas velocity
z dimensionless length of the reactor
Greek letters
dH2 thickness of hydrogen membrane, lm
e void fraction
lg viscosity of gas, kg/m.s
qc catalyst density, kg/m
3
qg gas density, kg/m
3
Superscript
p permeation side
r reaction side
2 M.E.E. AbasharHydrogen and syngas are produced in commercial scale by
the conventional steam reforming of methane due to the
availability of the natural gas. This process is very expensive
due to the excessive heat used in the furnaces to shift the ther-
modynamic equilibriums for the endothermic reactions for
high conversion and yield. Moreover, this process suffers from
high diffusion limitations (very low effectiveness factors) and
the destructive effect of the elevated temperatures on the cata-
lyst and the reformers (Abashar, 1990; Elnashaie and Abashar,
1993). All these factors have shifted the focus of the research
and industry toward new innovative production routes and
technologies (Kaihu and Hughes, 2001; Venkataraman et al.,
2003; Levent et al., 2003; Prasad and Elnashaie, 2003; Chen
et al., 2003a,b; Abashar et al., 2007, 2008).
In last few years, considerable attention has been paid to
application of palladium based membranes in the steam
reforming industry due to their signiﬁcant impact on shifting
the thermodynamic equilibrium and separation of hydrogen.
Substantial improvement in methane conversion and hydrogen
yield has been achieved by employing palladium based mem-
branes. An effective method to enhance the hydrogen perme-
ation ﬂux is to employ a composite membrane in which a
very thin layer of palladium or palladium alloy is deposited
on the surface of a porous thermostable substrate (Shu et al.,
1994, 1995; Gobina et al., 1995; Dittmeyer et al., 2001;
Hughes, 2001). Techniques such as magnetron sputtering,
chemical vapor deposition, solvated metal atom and electroless
plating have been successfully employed to deposit very thin
palladium ﬁlms (2–10 lm) on mechanically stable supports
(Gobina et al., 1995; Hughes, 2001).
Elnashaie and co-workers have published a series of papers
indicating that circulating fast ﬂuidized bed membrane reac-
tors (CFFBMR) have the potential to be the next generations
of the reformers for efﬁcient hydrogen production (Prasad and
Elnashaie, 2003; Chen et al., 2003a,b; Abashar et al., 2007,
2008). These reactors have many good hydrodynamic charac-
teristics such as: good solid contact, ﬁne catalyst particles are
used and high gas throughputs per unit cross-section
(Brereton, 1987; Kunii and Levenspiel, 1991, 1997, 2000;Brereton and Grace, 1993; Luan et al., 2000; van der Meer
et al., 2000; Prasad and Elnashaie, 2003; Chen et al.,
2003a,b; Abashar et al., 2007, 2008).
Chemical kinetics of higher hydrocarbon such as heptane
has been developed and used by many researchers (Phillips
et al., 1969; Rostrup-Nielsen, 1973, 1997; Tottrup,1982;
Christensen, 1996; Chen et al., 2003b; Nah and Palanki,
2009; Rakib et al., 2010). It is of a great surprise that there
are only a few reported studies in modeling and simulation
of steam reforming of heptane in the CFFBMR (Chen et al.,
2003b). Also, the experimental data in the literature are very
scarce. In the present modeling and simulation study a
composite very thin layer of hydrogen membrane of thickness
3 lm of palladium-alloy deposited on a porous support is em-
ployed rather than the thick hydrogen membrane used by the
earlier study (Chen et al., 2003b). The theme of the study is to
investigate further in more detail the large parameter space of
the steam reforming of heptane in order to identify the most
effective key parameters that inﬂuence the performance of
the CFFBMR for efﬁcient production of hydrogen and syngas.
Furthermore, a special attention has been paid to the H2/CO
ratio, which is a very important factor for the syngas used as
a feedstock for the GTL processes. The study locates in this
high parameter space, the parameter regions at which the
H2/CO ratio is within the recommended industrial limits.
2. Rate of reactions
Steam reforming of hydrocarbons can be represented in a gen-
eral form by:
CnHm þ nH2O! nCOþ ðnþm=2ÞH2 ð1Þ
In the case of steam reforming of heptane (n= 7, m= 16).
Usually this reaction is accompanied by many reactions. Many
investigators have proposed that the steam reforming of
heptane over a nickel based catalyst is accompanied by metha-
nation reaction, water gas shift reaction and methane overall
steam reforming reaction as follows (Phillips et al., 1969;
Rostrup-Nielsen, 1973, 1997; Tottrup, 1982; Christensen,
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2010):
COþ 3H2CH4 þH2O ð2Þ
COþH2OCO2 þH2 ð3Þ
CH4 þ 2H2OCO2 þ 4H2 ð4Þ
The rate of steam reforming of heptane is given by (Tottrup,
1982; Nah and Palanki, 2009):
r1 ¼ k1PC7H16
1þ 0:2487 PC7H16PH2
PH2O
þ 0:077 PH2O
PH2
h i2 ð5Þ
where:
k1 ¼ 8:0 103 exp  67:8
RT
 
; ðkmol=kPa:kgcat:hÞ ð6Þ
The rate of reactions (2)–(4) are given by (Xu and Froment,
1989):
r2 ¼ k2
P2:5H2
PCH4PH2O 
PCOP
3
H2
K2
 !
=DEN2 ð7Þ
r3 ¼ k3
PH2
PCOPH2O 
PCO2PH2
K3
 
=DEN2 ð8Þ
r4 ¼ k4
P3:5H2
PCH4P
2
H2O
 PCO2P
4
H2
K4
 !
=DEN2 ð9Þ
where:
DEN¼1þKCH4PCH4 þKH2PH2 þKCOPCOþKH2OPH2O=PH2 ð10Þ
k2¼9:491016 exp 240:10
RT
 
; ðkmol kPa0:5=kgcat:hÞ ð11Þ
k3¼4:39104 exp 67:13
RT
 
; ðkmol=kPa:kgcat:hÞ ð12Þ
k4¼2:291016 exp 243:90
RT
 
; ðkmol kPa0:5=kgcat:hÞ ð13Þ
KCH4 ¼6:65106 exp
38:28
RT
 
; ðkPa1Þ ð14Þ
KH2O¼1:77105 exp 
88:68
RT
 
; ðdimensionlessÞ ð15Þ
KH2 ¼6:121011 exp
82:90
RT
 
; ðkPa1Þ ð16Þ
KCO¼8:23107 exp 70:65
RT
 
; ðkPa1Þ ð17Þ
K2¼10266:76 exp 26830:0
T
þ30:114
 
; ðkPa2Þ ð18Þ
K3¼ exp 4400:0
T
4:063
 
ðdimensionlessÞ ð19Þ
K4¼K2K3; ðkPa2Þ ð20Þ3. Reactor hydrodynamics
The circulating fast ﬂuidized bed reactors have the following
hydrodynamic characteristics (Kunii and Levenspiel, 1991):
1. High circulation velocity with very ﬁne solid particles.
2. Extensive back mixing of solids.3. Solid concentration somewhere between dense-phase
beds and pneumatic transport conditions.
4. Clusters and strands of particles that break apart and
reform in quick succession.
5. Slip velocity of particles one order of magnitude larger
than the particle terminal velocity.
The fast ﬂuidization regime is determined in the generalized
map of the gas–solid contacting system given by (Kunii and
Levenspiel, 1991) using the following quantities:
dc ¼ dc
qgðqc  qgÞg
l2g
" #1=3
ð21Þ
where dc is dimensionless catalyst particle diameter. The
dimensionless terminal velocity for any shaped catalyst particle
of sphericity / is given by:
ut ¼
18
ðdcÞ2
þ 2:335 1:744/ﬃﬃﬃﬃ
dc
p
" #1
ð22Þ
for fast ﬂuidization the superﬁcial gas > 20 ut, where ut is the
terminal velocity and given by:
ut ¼ ut
lgðqc  qgÞg
q2g
" #1=3
ð23Þ4. Hydrogen permeation
The rate of hydrogen permeation through the composite mem-
brane obeys the Sieverts and Kumbhaar relationship and given
by (Shu et al., 1994; Gobina et al., 1995):
QH2 ¼ ko
pNH2dH2L
dH2
  ﬃﬃﬃﬃﬃﬃﬃﬃ
PrH2
q

ﬃﬃﬃﬃﬃﬃﬃﬃ
PpH2
q 
ð24Þ
where d is the Pd–Ag alloy ﬁlm thickness, and ðPrH2Þ and ðP
p
H2
Þ
are the hydrogen partial pressures (kPa) in the reaction and
permeation sides, respectively. The permeation constant (ko)
obeys the Arrhenius form as follows (Shu et al., 1994):
kO ¼ 7:21 105 exp  15700:0
RT
 
ð25Þ5. Mathematical model
Fig. 1 shows a schematic diagram of the circulating fast ﬂuid-
ized bed membrane reactor (CFFBMR). The following simpli-
ﬁed assumptions are used to develop the reactor model
equations:
1. The reactor under steady state isothermal conditions.
This isothermality can be achieved technically by many
conﬁgurations: (a) a reformer–regenerator system with
high circulation velocity and in this case the regenerated
solid supplies the necessary heat for the endothermic
reactions in the reformer due to its high heat capacity;
(b) the in situ heat integration by coupling the endother-
mic reactions with exothermic reactions using well
mixed or bifunctional catalysts; (c) insertion of heating
tubes; (d) combination of more than one conﬁguration.
2. Ideal gas behavior.
Table 1 Data used for simulation.
Reactor
Length (m) 2.00
Inside diameter (m) 0.10
Outside diameter (m) 0.12
Catalyst
Diameter (lm) 186
Density (kg/m3) 2835
Solid fraction of reformer 0.20
Feed ﬂow rate (kmol/h)
C7H16 19.20
H2O 10.0
H2 0.1
CO 0.1
CO2 0.0
Hydrogen membrane tube
Outside diameter (m) 0.01
Flow rate of sweep gas stream (kmol/h) 1.00
Pressure of sweep gas stream (kPa) 100.0
Sweep gas
Feed gas
Sweep gas
+
H2
      
Cyclone 
(gas-catalyst separator)
Syngas
Catalyst
Figure 1 Schematic diagram of the CFFBMR.
4 M.E.E. Abashar3. Plug ﬂow with negligible radial gradients.
4. Negligible diffusion limitations due to the ﬁne catalyst
particles used.
5. Hydrogen ﬂux is uniform through the membrane.
6. The total pressure in the reaction and membrane sides is
kept constant.
In the reaction side, the components’ molar balance gives
the following differential equations:
dFC7H16
dz
¼ qcAcLð1 eÞ½r1 ð26Þ
dFH2O
dz
¼ qcAcLð1 eÞ½7r1 þ r2 þ r3 þ 2 r4 ð27Þ
dFCO
dz
¼ qcAcLð1 eÞ ½7r1 þ r2  r3 ð28Þ
dFH2
dz
¼ qcAcLð1 eÞ½15r1 þ 3 r2 þ r3 þ 4r4  QH2 ð29Þ
dFCH4
dz
¼ qcAcLð1 eÞ½r2 þ r4 ð30Þ
dFCO2
dz
¼ qcAcLð1 eÞ½r3 þ r4 ð31Þ
in the membrane side, the molar balance for hydrogen gives:
dFpH2
dz
¼ QH2 ð32ÞThe total hydrogen yield is deﬁned as:
Hydrogenyield ¼ FH2 þ F
p
H2
  FoH2
FoC7H16
ð33Þ
A Fortran subroutine called Dgear from the IMSL (Inter-
national Mathematics and Statistics Library) is employed to
solve the system of the initial value differential equations
(26)–(32), with automatic step size, double precision and input
relative error bound of 1014. The data used for the simulation
are given in Table 1.
6. Results and discussion
The reaction scheme of the heptane steam reforming contains
three reversible reactions (2)–(4). The thermodynamic barriers
have signiﬁcant effects on the performance of these reactions.
Our objective is to shift their thermodynamic equilibriums to
satisfactory levels in order to achieve high heptane conversion
and hydrogen yield. The factors affecting the shift of thermo-
dynamic equilibriums have been identiﬁed by the Le Chaˆte-
lier’s as follows: (1) addition or removal of heat. The heat
favors the reactions according to their endothermicity and exo-
thermicity. Addition of heat favors endothermic reactions,
while removal of heat favors exothermic reactions; (2) addition
of reactants and removal of products. This factor shifts the
thermodynamic equilibrium to the right; (3) increase or de-
crease of the pressure. The inﬂuence of the pressure depends
on the increase or decrease of the number of moles in the reac-
tion stoichiometric equation. The pressure favors the reactions
in the direction of decreasing number of moles.
6.1. Inﬂuence of hydrogen membrane, feed temperature and
steam to carbon feed ratio
In this part of analysis, we have considered the inﬂuence of
hydrogen membrane, feed temperature and steam to carbon
(S/C) feed ratio all together in a wider picture. Comparison be-
tween the performance of the reformer without hydrogen
membrane and with hydrogen membrane is conducted. The in-
crease of the feed temperature indicates the amount of heat
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Figure 2 Heptane conversion at different feed temperatures and S/C feed ratios.
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namic equilibrium of endothermic reactions. It also affects the
rate of reaction according to the Arrhenius relationship. The
addition of steam is considered to favor reactions (2)–(4) for
more hydrogen production. Moreover, excessive steam is re-
quired in the reaction media to prevent the catalyst deactiva-
tion, which could be developed due to the carbon formation.
6.1.1. Heptane conversion
Fig. 2 shows the heptane conversion for various feed tempera-
tures and S/C feed ratios along the dimensionless reactor
length. In the horizontal direction, the ﬁgures show the effectof different feed temperatures (300 C, 400 C, 500 C) at a
constant S/C feed ratio and in the vertical direction the ﬁgures
show the inﬂuence of different S/C feed ratios (S/C = 1.0, 3.0,
5.0) at a constant feed temperature. For the case of a S/
C = 1.0, Fig. 2a1–c1 show that the increase of the feed temper-
ature has signiﬁcantly improved the heptane conversion and
complete heptane conversion is attained at a high feed temper-
ature of 500 C at almost half of the reactor length. The effect
of the hydrogen membrane on the heptane conversion is
clearly shown in Fig. 2a1 and b1. However, the effect of the
membrane is less pronounced at 500 C due to the high feed
temperature effect that overwhelmed the membrane effect.
6 M.E.E. AbasharFig. 2a2–c2 shows the heptane conversion proﬁles when the
S/C feed ratio is increased to 3.0. As it can be seen in Fig. 2a2,
the increase of the S/C feed ratio at a low feed temperature of
300 C has improved the heptane conversion compared to the
values obtained in Fig. 2a1 and the effect of the membrane on
the exit heptane conversion is insigniﬁcant. A strong effect of
the increase of the feed temperature on the heptane conversion
is shown in Fig. 2b2 and c2. Complete conversion of heptane
(100%) is achieved at both feed temperatures of 400 C and
500 C. However, the effect of the high feed temperature at
500 C on shortening the reformer length is stronger than at
400 C.
The effect of further increase of the S/C feed ratio to 5.0 at
various feed temperatures on the heptane conversion is shown
in Fig. 2a3–c3. It is interesting to note that the increase of more
steam at the low feed temperature of 300 C has a negative im-
pact on the performance of the former with hydrogen mem-
brane (CFFBMR) as shown in Fig. 2a3. The addition of
more steam favors reaction (2) to the left and reactions (3)
and (4) to the right for more production of hydrogen. Also,
the removal of the hydrogen by the membrane has the same ef-
fect on the direction of the shift of thermodynamic equilibri-
ums of reaction (2)–(4) for more consumption of steam.
Therefore, a considerable amount of steam is consumed by
reactions (2)–(4) at expense of the steam consumed by reaction
(1) and this effect has a direct negative impact on the heptane
conversion obtain by the reformer with hydrogen membrane
(CFFBMR) as shown in Fig. 2a3. The increase of the feed tem-
perature to 400 C and 500 C has a signiﬁcant effect on the
rate of reaction (1) and 100% conversion of heptane is attained
at both temperatures as shown in Fig. 2b3 and c3. However, at
500 C this achievement occurs at a shorter reactor length. As
it can be seen that the membrane effect is negligible because the
reaction (1) is fast and completed at the beginning of the refor-
mer and the membrane area available for hydrogen perme-
ation in this section of the reformer is very limited.
6.1.2. Hydrogen yield
The corresponding hydrogen yield proﬁles at different feed
temperatures and S/C feed ratios are shown in Fig. 3. Very
interesting results are shown in these ﬁgures. At a low S/C feed
ratio of 1.0 the hydrogen membrane has a signiﬁcant improve-
ment of hydrogen yield at all feed temperatures (300 C,
400 C, 500 C) as shown in Fig 3a1–c1. For the reformer with
membrane (CFFBMR) the increase of the feed temperature
from 300 C to 400 C has a more pronounced effect on the
hydrogen yield than the increase of the feed temperature from
400 C to 500 C. Weak maximum points appear at a feed tem-
perature of 500 C as shown in Fig. 3c1. The locations of these
maxima are at same locations of 100% conversion of heptane
as shown in Fig. 2c1. Reaction (1) is the main source of hydro-
gen production and by its stoppage the reaction media have
lost a key supplier of hydrogen. After the maximum point of
the CFFBMR the hydrogen contributors are reactions (2)–
(4). The maximum point of the CFFBMR gives slight drop
in the proﬁle because reactions (2)–(4) continue to supply
hydrogen, while in the case of the reformer without hydrogen
membrane a drastic drop in hydrogen yield occurs after the
maximum point due to the consumption of hydrogen in reac-
tion media till the equilibrium value is reached.
As the steam to carbon feed ratio is increased to 3.0, a
considerable increase in hydrogen yield is achieved at all feedtemperatures as shown in Fig 3a2–c2. For example when the
S/C feed ratio increased from 1.0 to 3.0 at the feed temperature
of 300 C the hydrogen yield obtained by the CFFBMR is in-
creased by 140.0%, and for the other feed temperatures of
400 C and 500 C the hydrogen yield is increased by 163.3%
and 166.76%, respectively. Also, at a constant S/C of 3.0,
the increase of the exit hydrogen yield is only 6.67%, when
the feed temperature is increased from 400 C to 500 C as
shown in Fig. 3b2 and c2. As it can be seen in Fig. 3b2 and
c2 that the maxima points appear at these feed temperatures
of 400 C and 500 C. The negative effects of the maxima
points on hydrogen yield obtained by the reformer without
membrane are clearly reﬂected on the low exit hydrogen yields.
The inﬂuence of further increase of the S/C feed ratio to 5.0
on the hydrogen yield at different feed temperatures is shown
inFig. 3a3–c3. Fig. 3a3 shows higher hydrogen yield is obtained
by the reformer without membrane due to its higher heptane
conversion as shown in Fig 2a3. The positive effect of the in-
crease of the feed temperature on the exit hydrogen yield is
obvious in Fig. 3b3 and c3. It is interesting to note that at a
constant feed temperature of 400 C, the increase of the S/C
feed ratio from 3.0 to 5.0 decreases the exit hydrogen yield
by 29.2%, while for the feed temperature of 500 C the hydro-
gen yield is increased by 37.5% and this could be due to the
presence of the strong maximum point shown in Fig. 3b3.
When the feed temperature increases from 400 C to 500 C
at a constant S/C feed ratio of 5.0, the increase of the exit
hydrogen yield is 90.91% as shown in Fig. 3b3 and c3. An
important observation that all maxima in Fig. 3c1, b2, c2, b3
and c3 occur at the same locations of their respective 100%
conversion of heptane is shown in Fig. 2. It is clear that the in-
crease of the feed temperature saves the hydrogen yield proﬁle
in Fig. 3c3 from the continuous dropping that has happened in
Fig. 3b3. The exit hydrogen yield obtained in the presence of
the hydrogen membrane (CFFBMR) is about 306.22% higher
than that obtained without membrane as shown in Fig. 3c3. It
seems that interactions of the hydrogen membrane, feed tem-
perature and the S/C feed ratio are very complex. From the re-
sults presented so far, the best performance of the CFFBMR
with respect to heptane conversion and hydrogen yield is at
high feed temperature (500 C) and S/C feed ratio (5.0) as
shown in Figs. 2 and 3C3.
6.1.3. Methane yield
Fig. 4 shows the corresponding methane yield proﬁles. Meth-
ane that can be consumed or produced by reactions (2) and
(4) depends on the directions of their thermodynamic equilib-
riums. For a low methane yield, we have three possibilities: (i)
Both reactions (2) and (4) share the consumption of methane;
(ii) the consumption of methane by reaction (2) is more than
the methane production by reaction (4); (iii) the consumption
of methane by reaction (4) is more than methane production
by reaction (2). Since, the picture is very complex and all these
possibilities can occur along the length of the reformer, it is
very hard and almost impossible to identify the dominant
one at any point of time. We can only judge their overall effect
that leads to the low methane yield. The hydrogen membrane
plays an important role in affecting these possibilities to lower
the methane yield as shown in Fig. 4a1–c1, b2, c2, b3, and c3. At
a low feed temperature of 300 C, the increase of the S/C feed
ratio has a negative effect of increasing the methane formed by
the CFFBMR as shown in Fig. 4a2 and a3. This behavior could
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Figure 3 Hydrogen yield at different feed temperatures and S/C feed ratios.
Parametric sensitivity analysis to investigate heptane reforming in circulating fast ﬂuidized bed 7be due to the high steam consumption by reaction (3) forcing
the thermodynamic equilibriums of reactions (2) and (4) to be
displaced to the right and left respectively, for more methane
formation. Another beneﬁt of utilizing the high feed tempera-
ture and S/C feed ratio is a low methane yield as shown in
Fig. 4c3.
6.1.4. Carbon dioxide yield
The corresponding carbon dioxide yield at different feed tem-
peratures and S/C feed ratios is shown in Fig. 5. The sources of
the carbon dioxide are reactions (3) and (4). The favoring of
these reactions to the right for more production of hydrogenis always accompanied by carbon dioxide formation. Here,
we also have three possibilities: (i) the thermodynamic equilib-
riums of reactions (3) and (4) are shifted in the same directions
for simultaneous production of carbon dioxide; (ii) the ther-
modynamic equilibriums (3) and (4) are shifted in opposite
directions and in this case either the rate of production of car-
bon dioxide by reaction (3) is more than the rate of consump-
tion of carbon dioxide by reaction (4) or (iii) the rate
production of carbon dioxide by reaction (4) is more than
the rate of consumption of carbon dioxide by reaction (3).
The dominance of any possibilities alternates in a very complex
manner along the length of the reactor. It is shown for all cases
  
  
   
    
a b c
(a1)
(a3)
(a2)
(b1)
(b2)
(b3)
(c1)
(c2)
(c3)
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless reactor length 
0.000
0.001
0.002
0.003
0.004
M
et
ha
ne
 y
ie
ld
without H2 membrane
with H2 membrane
Tf     =300.0 oC
P      =20.0 (bar)
NH2 =30 tubes
δ      =3.0 μm
S/C=1.0
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless reactor length 
0.00
0.40
0.80
1.20
1.60
2.00
M
et
ha
ne
 y
ie
ld
without H2 membrane
with H2 membrane
Tf     =400.0 oC
P      =20.0 (bar)
NH2 =30 tubes
δ      =3.0 μm
S/C=1.0
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless reactor length 
0.00
2.00
4.00
6.00
M
et
ha
ne
 y
ie
ld
without H2 membrane
with H2 membrane
Tf     =500.0 oC
P      =20.0 (bar)
NH2 =30 tubes
δ      =3.0 μm
S/C=1.0
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless reactor length 
0.000
0.004
0.008
0.012
M
et
ha
ne
 y
ie
ld
S/C=3.0
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless reactor length 
0.00
1.00
2.00
3.00
4.00
5.00
M
et
ha
ne
 y
ie
ld
S/C=3.0
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless reactor length 
0.00
1.00
2.00
3.00
4.00
5.00
M
et
ha
ne
 y
ie
ld
S/C=3.0
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless reactor length 
0.000
0.040
0.080
0.120
0.160
0.200
M
et
ha
ne
 y
ie
ld
S/C=5.0
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless reactor length 
0.00
2.00
4.00
6.00
M
et
ha
ne
 y
ie
ld
S/C=5.0
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless reactor length 
0.00
1.00
2.00
3.00
4.00
5.00
M
et
ha
ne
 y
ie
ld
S/C=5.0
Figure 4 Methane yield conversion at different feed temperatures and S/C feed ratios.
8 M.E.E. Abasharin Fig. 5 that the hydrogen membrane has a strong effect on
the formation of carbon dioxide. It is observed that for all
cases at a constant S/C feed ratio of (1.0, 3.0, 5.0) the increase
of the feed temperature increases the carbon dioxide forma-
tion. Also, at a constant feed temperature (300 C, 400 C,
500 C) the increase of the S/C feed ratio increases the forma-
tion of carbon dioxide, except at Fig. 5b2 and b3. If we com-
pare the trend of the proﬁles in Fig. 5 with the hydrogen
yield proﬁles in Fig. 3 one can ﬁnd the trends are almost the
same due to the fact that the hydrogen and carbon dioxide
are both in the left hand sides of reactions (3) and (4). The
strange behavior of Fig. 5a3 of a higher carbon dioxide yield
produced by the reactor with membrane, while its hydrogenyield is low as shown in Fig. 3a3, makes us to suspect that most
of the carbon dioxide produced in this case is by reaction (3)
according to the second possibility (ii) and this idea is sup-
ported by the methane proﬁle shown in Fig. 4a3.
6.1.5. H2/CO ratio
This ratio has a paramount importance in the characteristics of
the syngas used as a feedstock for the GTL processes. The
recommended industrial range for the H2/CO is 0.7–3.0
(Fernandes et al., 2006). Fig. 6 shows the effect of the hydro-
gen membrane, the feed temperature and the S/C feed ratio on
the corresponding H2/CO ratio proﬁles. Another beneﬁt
dimension of implementing the hydrogen membrane is
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Figure 5 Carbon dioxide yield conversion at different feed temperatures and S/C feed ratios.
Parametric sensitivity analysis to investigate heptane reforming in circulating fast ﬂuidized bed 9manifested itself in reduction of this ratio in all ﬁgures. At a
constant low feed temperature of 300 C, the exit H2/CO ratio
from the CFFBMR satisﬁes the recommended industrial range
as shown in Fig. 6a1–a3. However, these cases suffer from
unsatisfactory heptane conversion and hydrogen yield as dis-
cussed before. Fig. 6b1 and b2 shows that at a constant feed
temperature of 400 C and S/C feed ratios of 1.0 and 3.0, the
H2/CO ratio satisﬁes the recommended practical range at the
exit and the middle of the CFFBMR, respectively. Fig. 6c3
shows that, the exit H2/CO ratio is out of the recommended
industrial range. The real challenge we have is how to force
the parameter space of the CFFBMR at its best performanceof high feed temperature (500 C) and S/C feed ratio (5.0) to
allow the H2/CO ratio to satisfy the recommended range. To
perform this task, we will investigate in the following analysis
the capabilities of the remaining parameters of the reaction
side pressure and the number of hydrogen membrane tubes
to achieve this goal.
6.2. Enhancement of the CFFBMR performance
The simulation results have shown the superiority of the refor-
mer with hydrogen membrane (CFFBMR) over the reformer
without hydrogen membrane as discussed above. Therefore,
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Figure 6 H2/CO ratio at different feed temperatures and S/C feed ratios.
10 M.E.E. Abasharthis part is only conﬁned to the CFFBMR. We pursue here
further improvement of the CFFBFR at a feed temperature
of 500 C and S/C feed ratio of 5.0 to give H2/CO ratio within
the industrial range.
6.2.1. Effect of reaction side pressure
Fig. 7 shows heptane conversion at different reaction side pres-
sures of 20.0 bar, 25.0 bar and 30.0 bar. The CFFBMR gives
100% conversion of heptane at the beginning of the reformer
for all reaction side pressures at almost the same reactor length.
The corresponding hydrogen yield proﬁles are shown in Fig. 8.
The increase of the reaction side pressure has direct stronginﬂuence on the hydrogen permeation driving force. Substan-
tial improvement of hydrogen yield is achieved by increasing
the reaction side pressure. For example the increase of the reac-
tion side pressure from 20.0 bar to 30.0 bar gives 25.9% in-
crease in hydrogen yield. Fig. 9 shows the corresponding H2/
CO ratio at various reaction side pressures. It is clearly shown
that the increase of the reaction side pressure has also strong
inﬂuence in reducing the H2/CO ratio. At a reaction side pres-
sure of 30.0 bar the exit H2/CO is 1.61. Hence, the industrial
range of the H2/CO ratio has been satisﬁed. The inﬂuence of
the increase of the reaction side pressure on methane yield is
shown in Fig. 10. The increase of the reaction side pressure
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Figure 7 Effect of reaction side pressures on heptane conversion.
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Figure 8 Effect of reaction side pressures on hydrogen yield.
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Figure 9 Effect of reaction side pressures on H2/CO ratio.
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Figure 10 Effect of reaction side pressures on methane yield.
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Figure 11 Effect of reaction side pressures on carbon dioxide
yield.
Parametric sensitivity analysis to investigate heptane reforming in circulating fast ﬂuidized bed 11has another positive effect of reducing the methane yield. How-
ever, the increase of the reaction side pressure produces more
carbon dioxide as shown in Fig. 11. The carbon dioxide canbe used for other processes such as dry reforming of methane
rather than harming the environment.
6.2.2. Effect of number of hydrogen membrane tubes
It is clear from the above section that the increase of the reac-
tion side pressure has a signiﬁcant role in the improvement of
the performance of the CFFBMR. We have so far the best per-
formance of the CFFBMR at a reaction side pressure of
30.0 bar. In this part of the investigation we are seeking further
enhancement of the performance of the CFFBMR at a reac-
tion side pressure of 30.0 bar by testing the inﬂuence of the
number of hydrogen membrane tubes.
Fig. 12 shows the heptane conversion at various number of
hydrogen membrane tubes (NH2 = 30, 40, 50) and a reaction
side pressure of 30.0 bar. The effect of the number of hydrogen
membrane tubes on heptane conversion is insigniﬁcant due to
the fact that the reaction (1) is very rapid at these conditions
and completed in a very small portion of the dimensionless
reactor length. The corresponding hydrogen yield is shown
in Fig. 13. The increase of the number of hydrogen membrane
tubes from 30 to 50 gives further increase in heptane conver-
sion of about 8.13%. The total increase in the exit hydrogen
yield obtained by implementing a high reaction side pressure
(30.0 bar) coupled with a high number of hydrogen membrane
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Figure 12 Effect of number of hydrogen membrane tubes on
heptane conversion.
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Figure 13 Effect of number of hydrogen membrane tubes on
hydrogen yield.
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Figure 14 Effect of number of hydrogen membrane tubes on H2/
CO ratio.
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methane yield.
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Figure 16 Effect of number of hydrogen membrane tubes on
carbon dioxide yield.
12 M.E.E. Abashartubes (50 tubes) compared to that obtained at a reaction side
pressure of 20.0 bar and a number of hydrogen membrane
tubes of 30 as shown in Fig. 3c3 and Fig. 8 is about 41.43%
and about 496.94% compared to the value obtained without
hydrogen membrane as shown in Fig. 3c3. Further decrease
in the H2/CO ratio to a good value of 1.15 is achieved by
increasing the number of hydrogen membrane tubes to 50 as
shown in Fig. 14. The increase of the number of hydrogen
membrane tubes has a limited effect in decreasing the methane
yield and a little effect in increasing the carbon dioxide yield as
shown in Figs. 15 and 16, respectively.
7. Conclusions
This modeling and numerical simulation study has revealed
that the CFFBMR is an efﬁcient reformer for simultaneous
production of hydrogen and syngas. The investigation shows
that the best performance of the CFFBMR can be realized
by the systematic search of the high parameter space for the
best combination of parameters. The simulation results show
that complete conversion of heptane, high hydrogen yield,
Parametric sensitivity analysis to investigate heptane reforming in circulating fast ﬂuidized bed 13H2/CO ratio within the recommended range and low methane
yield can be achieved due to the positive complex interaction of
many parameters of hydrogen membrane; high feed tempera-
tures, high steam to carbon feed ratios and high reaction side
pressures. It was observed that the process has the potential to
produce a considerable amount of carbon dioxide which can
be used as a feedstock for other processes such as dry reform-
ing of methane.
This investigation can be used as a base for proper design
and operation of the CFFBMR on condition that further
experimental, optimization and economic studies will be con-
ducted in the next future.References
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